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Abstract 
Unconventional shale gas and tight sand exploration through hydraulic fracturing accounts for a large fraction of oil and gas 
production in the US and will soon be launched on a global scale. One of the complexities in evaluating the environmental 
impact of hydraulic fracturing and shale gas development is the legacy of conventional oil and gas exploration in the same areas. 
Data from the USGS produced water database coupled with new data generated from flowback and produced waters from several 
basins in the US reveal that the formation water is typically hypersaline and characterized by a Ca-chloride composition with 
high Br/Cl ratios that reflect different degrees of seawater evaporation and water-rock interactions. In many cases, the chemistry 
of effluents from unconventional and conventional wells is indistinguishable. In the Appalachian Basin, flowback from the 
Marcellus Shale has distinctive trace element (B/Cl, Li/Cl) and isotopic (87Sr/86Sr, G11B, G7Li, 228Ra/226Ra) fingerprints that are 
different from those in produced waters from conventional oil and gas wells. The integration of these geochemical and isotopic 
tracers could provide robust monitoring tools for evaluating the environmental effects and delineating the specific impact of 
unconventional oil and gas operations. 
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1. Introduction 
Production from unconventional natural gas reservoirs has expanded substantially through the use of 
horizontal drilling and high-volume hydraulic fracturing. These technological advances have opened vast new 
energy sources, such as low-permeability organic-rich shale formations and “tight-sand” reservoirs, altering the 
domestic energy landscape in the US.1,2 The total production of natural gas has increased by more than 30% during 
the last decade, with unconventional shale gas and tight sand productions accounting for 34% and 24% respectively 
of the total natural gas production in the US (0.68 trillion m3) in 2012.3 
Future energy forecasts suggest that US unconventional natural gas production from shale formations will 
double by 2035 and constitute ~50% of the total domestic natural gas production.4 Unconventional extraction 
(horizontal drilling and high volume hydraulic fracturing) for shale gas has already expanded in Canada, and will 
soon be launched on a global scale, with significant natural gas reservoirs in China, South America, northern and 
southern Africa, Europe, and Australia. The current global estimate of natural gas reserves in unconventional shale 
is approximately 716 trillion m3 (2.53 x 1013 Mcf).3,4  
One of the environmental risks for unconventional oil and gas development is the management, disposal, 
and frequent spills of oil and gas wastewater composed of flowback and produced waters.5 While man-made 
chemical additives in hydraulic fracturing fluids have drawn most of the attention, the inorganic constituents in oil 
and gas wastewater also pose similarly serious environmental and human health risks. Recent findings have shown 
that the hydraulic fracturing fluids and produced waters contain high levels of bromide, iodide, and ammonium6, 
radium7,8, and toxic elements (e.g., barium9). Produced waters from conventional oil and gas wells contain similar 
levels of contaminants6, and in many basins in the US shale gas and tight sand explorations are conducted in areas 
with a long legacy of conventional oil and gas exploration. Furthermore, the difference between “unconventional” 
and “conventional” exploration in many areas is becoming insignificant given new methodologies of enhanced oil 
and gas extraction even from vertical oil and gas wells and the use of similar chemicals for oil and gas extraction.   
2. The geochemistry of formation brines 
Based on the USGS produced water database10 and data generated at Duke University, the geochemistry of 
flowback and produced waters from unconventional and conventional oil and gas wells have been compiled. The 
chloride distribution in unconventional flowback and produced waters from different oil and gas basins in the US 
varies widely, from 50,000 mg/L to 300,000 mg/L (Fig. 1). A comparison of the TDS in unconventional wells 
relative to conventional wells in the Appalachian Basin shows a similar range, although the mean TDS values of 
unconventional wells are typically lower (Fig. 2 ; p<0.0001), reflecting the dilution by hydraulic fracturing injection 
fluids. Likewise, the geochemistry of fluids extracted from unconventional and conventional oil and gas wells is 
similar, and is characterized by Ca-chloride composition, high Br/Cl and low Na/Cl (relative to modern seawater), 
that reflects different degrees of seawater evaporation and water-rock modification.7,9,11,12,13 Variations in Cl-, Br-, I-, 
NH4+, G18O, and G2H indicate that the original brines were diluted by meteoric water.6 One of the environmental 
risks for unconventional oil and gas development is the management, disposal, and the frequent spills of oil and gas 
wastewater composed of flowback and produced waters.5 The ability to delineate and identify the differential 
environmental effects of unconventional oil and gas exploration based on major geochemistry alone is therefore 
limited and presents a major challenge for regulators and monitoring programs.  
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3. The isotopic fingerprints of boron, lithium, 
strontium, and radium in hydraulic fracturing 
fluids from the Marcellus Shale 
Previous research has shown that 
injection of typically low-saline water as part of 
hydraulic fracturing results in desorption of boron 
and lithium from the shale formation. The 
mobilization of relatively depleted 11B and 7Li 
from exchange sites on clay minerals results in 
low G11B (25-33‰) and G7Li (<10‰) in flowback 
water from the Marcellus Formation relative to 
produced waters from conventional oil and gas 
wells in the Appalachian Basin (38-52‰ and 10-
24‰, respectively).14 In addition, formation 
brines from the Middle Devonian Marcellus 
Formation have different 87Sr/86Sr ratios (~0.712) 
relative to conventional produced waters from the Upper Devonian (0.716-0.722), but overlap with the 87Sr/86Sr 
ratios in conventional oil and gas wells from the Lower Devonian formations (0.710-0.712).12,15 Finally, the relative 
uranium enrichment in the Marcellus Shale relative to the higher abundance of 232Th in permeable rocks such as 
Figure 1. The distribution and salinity of fluids from the U.S. shale gas plays. The color of each basin corresponds to 
the salinity (chloride content) of flowback and produced waters from unconventional oil and gas wells in the basin. 
Data from USGS produced water database.10 
Figure 2. A comparison of the TDS of produced waters from conventional 
(C) and unconventional wells in the Appalachian basin. 
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sandstone results in lower 228Ra/226Ra activity ratios in flowback and produced waters from the unconventional 
Marcellus Shale (<0.3) relative to produced waters from conventional oil and gas in the Appalachian Basin (~1).7,8 
4. Tracing the sources of contaminants in the environment   
The high frequency of spills associated with high-density shale gas drilling5 as well as the disposal of oil 
and gas wastewater from both conventional and unconventional oil and gas wells6,8 requires a robust methodology 
for the distinguishing of unconventional from conventional sources. Fig. 3 presents a flow chart that illustrates the 
use of the multiple geochemical and isotopic tracers for delineating the sources of contamination from oil and gas 
effluents in Marcellus Shale in developing areas. Preliminary results from studying a spill in Tyler County, West 
Virginia show that the saline water (TDS~18,000 mg/L) has distinct geochemistry (e.g., high Br/Cl), G11B (~26‰), 
and G7Li fingerprints,14 which mimic the composition of flowback waters from the Marcellus Shale. This analysis 
provides a direct and compelling indication for the source of contamination from the nearby shale gas well.      
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Figure 3. Diagnostic flowchart for identification of contaminated water 
based on integration of geochemical and isotopic tracers. 
